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ABSTRACT
The design of flexible earth retaining structures against seismic loading is a challenging geotechnical problem, and it is typically
conducted using pseudo-static approaches, which do not adequately represent the transient loading conditions of earthquake motions.
Numerical analyses of designed walls with simplified material models showed high stresses in the structure when subjected to both
dynamic and pseudo-static conditions, and a very large amount of reinforcement would be required to avoid the formation of plastic
hinges. On the other hand, detailed simulations with inelastic material behaviour would yield more realistic estimations of the
retaining structural response and improve the efficiency of the design, at the expense of additional computational cost.
In this paper, we present numerical analyses of cantilever retaining structures subjected to seismic loading conducted by means of the
FE computer code DYNAFLOW. A multi-yield plasticity constitutive model with Mohr-Coulomb yield functions is adopted for the soil
elements, and an elastic model for the structural components of the 2D numerical model. Absorbing elements are placed around the
truncated numerical domain to avoid spurious reflections, and the input motion is prescribed by means of effective forcing functions to
allow absorption of scattered waves. Results are presented in terms of accelerations, bending moments and displacements. Previous
simplified analyses and pseudo-static approaches are then compared to the more realistic yet elaborate elasto-plastic simulations.

INTRODUCTION
Earth retaining structures, such as retaining walls, frequently
represent key elements of many constructed facilities and their
stability is very important, in particular when they are used in
seismically active areas. While significant advances have been
made in the design of gravity type retaining walls under
seismic loadings, little progress has been achieved in the
analysis of the seismic response of flexible retaining walls,
that is a challenging geotechnical problem, for which the
dynamic soil-structure interaction plays a critical role.
Simplified pseudo-static approaches are usually adopted in the
current practice, but they do not allow a realistic assessment of
the performance of these structures in dynamic conditions.
Indeed the flexible nature of the wall may, for instance, inhibit
the development of active and passive pressures and, as shown
by Steedman and Zeng (1990, 1993), the phase difference
plays an important role. Furthermore, this approach does not
provide an estimate of the displacements experienced by the
structure during an earthquake.
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A validation of existing pseudo-static approaches, or the
introduction of novel simplified methods for design, requires
the preliminary investigation of the problem by fully dynamic
soil-structure analyses, involving the numerical determination
of stress state, bending moments, displacements, and spatial
and temporal variability of accelerations. These analyses,
however, are time consuming and require experienced users:
their accuracy depends on how well they are able to model the
actual field conditions. A useful method of analysis should be
able to describe the stress-strain behavior of the soil (which is
nonlinear) and wall (usually assumed to remain linear), the
stress-displacement behavior of the soil-wall interface, and the
sequence of wall construction and backfill placement. Without
careful attention of each of these factors, the results of a finiteelement analysis may have limited applicability.
Since few well-documented case histories involving field
measurements of the wall response are available, most of the
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current understanding of the dynamic response of retaining
walls comes from model tests and numerical analyses (i. e.
Steedman et al., 1991; Dewoolkar et al., 2001; Madabushi et
al., 2006).
This work is intended to evaluate numerically the behavior of
cantilever retaining structures subjected to seismic loading.
Preliminary numerical analyses with simplified material
models showed very high stresses in the structure, both in
dynamic and pseudo-static conditions (see Comina et al.,
2008); hence demanding very large amount of reinforcement
in order to avoid plastic hinges in diaphragm walls, as required
by some seismic codes (e.g. EC8). To improve the efficiency
of the design it is necessary a reliable evaluation of the
dynamic behaviour with the adoption of advanced material
models in numerical analyses at an additional computational
cost. In particular this paper presents a detailed procedure in
the soil-structure modeling analyzed in order to have the best
solution in the behavior description of the wall under static
conditions, during excavation phase and under dynamic
loadings. To obtain this solution a realistic wall was designed
following the current practice. Then the seismic behavior of a
wall was simulated using the finite element program
DYNAFLOW (Prévost, 1983). Dynamic simulations were
carried out considering two sets of seven earthquakes recorded
in Europe. All the analyses were conducted using a nonlinear
multi-yield plasticity pressure-dependent model for the soil,
and linear elastic solid for the wall.

PRELIMINARY DESIGN
The structure analyzed in this study was based on a previous
work by the authors (Comina et al., 2008), where limit
equilibrium analyses associated with the pseudo-static
approach were conducted in accordance to Eurocodes (EC) 7
and 8-part 5; soil factors were selected according to EC1. The
wall was analyzed with the classical scheme of fixed earth
support. The EC8 suggests the use of the Mononobe-Okabe
formula for the evaluation of both active and passive earth
pressures. While for the evaluation of the active pressure this
method gives reasonable results, when dealing with the
passive resistance it fails to provide a consistent estimate when
friction between wall and soil is taken into account, in order to
avoid uneconomical design (Comina et al., 2007). For this
reason, many other approaches have been proposed for the
evaluation of the passive resistance, but they are typically not
easily expressed in closed form and in many cases they are not
conservative, because based on a kinematical approach. A
recent analytical solution proposed by Lancellotta (2007) was
adopted in this work: this solution is rather convenient because
it is expressed in a closed compact form and, since it is based
on the static theorem of plastic limit analysis, it represents a
lower bound of the exact solution.
The reinforced-concrete diaphragm wall was considered in a
dry coarse-grained homogeneous soil and the design followed
the limit equilibrium method, for which a pressure distribution

Paper No. 6.27a

is assumed determined without considerations of the real wall
deformability, with active pressures behind the wall and with
the assumption of fully mobilized passive conditions beneath
the excavation.

Fig. 1. Scheme adopted in the preliminary design with
pseudo-static approach.
The adopted scheme for the pseudo-static design is shown in
Fig. 1: the embedded length was determined considering the
rotational stability around the point O, at the unknown depth d,
and the horizontal translational equilibrium. After the
evaluation of the embedded length, the section of the wall was
defined considering the pressures distribution shown in Fig. 1:
the maximum bending moment in the wall was evaluated and
then was designed the suitable combination between the area
of the reinforcement bars and the thickness of the wall.
Considering a soil type C (as defined in EC8) with  'k  32
and assuming h = 5 m, an embedment d = 8 m was estimated.

NUMERICAL SIMULATION
The finite-element (FE) analyses were carried out under plane
strain assumptions. The model size was 80 m wide and 55 m
high (Fig. 2): these dimensions were chosen in order to have
boundaries sufficiently far from the diaphragm wall. Four
nodes quadrilateral elements were used in the discretization
with size of 1x1 m close to the bottom corners and 0.5x0.5 m
around the wall (as shown in Fig. 3): these element
dimensions were selected according to the frequency content
of the incident motion and the shear wave velocity of the
medium for the effective representation of the propagation
wavelengths.

Fig. 2. Model geometry after excavation with monitoring
points in the dynamic simulation.
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degenerate yield surface of size zero which coincides with the
stress point. This model retains the extreme versatility and
accuracy of the simplest multi-surface J2-theory (Prévost,
1977, 1978) in describing observed shear nonlinear hysteretic
behavior and shear-stress induced anisotropy and reflects the
strong dilatancy dependency on the effective stress ratio in
granular cohesionless soils.

Fig. 3. Finite element mesh.
The study is divided in two different phases: the first one
consists of a static excavation on the right part of the model
that is made up of five steps of 1 m height until the total
excavation of 5 m is reached. When static equilibrium was
reached after excavation, an input time history was applied at
the base of the model and the behavior of the soil-beam
system was observed in terms of displacements, accelerations
and stresses. The sandy soil was simulated using the multiyield elasto-plastic material model described in the next
section. The sheet pile wall was modeled using structural
linear beam elements with elastic model: material properties
were chosen in relation to the selected designed wall. Solid
interface elements were used between soil and structure: solid
continuum quadrilateral elements were adopted with same soil
properties and small width, determined with a parametric
study. Compared to the use of contact elements, usually
implemented in most of the FE analyses in dynamic
conditions, this interface modeling limits problems of high
frequencies rising at the top node of the wall, with numerical
errors and anomalies in the stress field distribution around the
wall, both in static and in dynamic conditions (Pettiti, 2009).
Soil Constitutive model
The key aspect of applying FE to geotechnical problems is to
take into account the plastic behavior of soil. Accordingly,
many elasto-plastic models have been used in the FE analysis:
in Dynaflow the material library contains a family of multiyield elasto-plastic models with realistic behavior of the soil
under cyclic loadings (Prévost, 1985). These models combine
properties of isotropic and kinematic plasticity by introducing
the concept of a field of plastic moduli which is defined in
stress space by the relative configuration of yield surfaces. For
any loading (or unloading) history, the instantaneous
configuration is determined by calculating the translation and
contraction (or expansion) of each yield surface, that are
implemented as conical surfaces. A collection of nested yield
surfaces may be used: this allows for the adjustment of the
plastic hardening rule to any experimental hardening data. It is
assumed that the yield surfaces are all similar, and that a
plastic modulus is associated with each one of them. No pure
elastic domain exists: the first yield surface is thus chosen as a
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In the present study, a multi-yield plasticity constitutive model
with Mohr-Coulomb (pressure dependent) yield function and
with a purely kinematic hardening rule was adopted for the
soil elements. The dependence of the model moduli upon the
effective mean normal stress is assumed in the following form
(i.e. for the shear modulus):
G  G 1  p p 1 n

(1)

where n  0.5 for coarse grained soils (see Richart et al.,
1970), p1  100 kPa and G 1 is the maximum shear modulus.
For the shear-strain curve generation the Hayashi model was
adopted (Hayashi et al., 1994). This model was used for all the
analyses presented in this paper.
Table 1. Model parameters adopted for the multi-yield elastoplastic soil model.
Parameter
Mass density
Shear modulus
Bulk modulus
Reference mean stress
Power exponent
Cohesion
Friction angle in compression
Friction angle in extension
Dilation angle in compression
Dilation angle in extension
Dilatational parameter
Dilatational stress ratio
Damage rate
Lateral stress coefficient
Axial stress path slope
Max shear strain in compression
Max shear strain in extension
Generation coefficient in
compression
Generation coefficient in extension
Rayleigh damping

Symbol

G1
B1
p1
n
c
c
e
c
e
Xpp

d
K0
S
max,c
max,e
c
x1,c
xu,c
e
x1,e
xu,e



Value
2038 kg/m3
127421 kPa
212369 kPa
100 kPa
0.5
0.0
32°
32°
0°
0°
1.0
1.0
0.0
0.47
0.3333
0.06
0.06
0.235
0.200
1.100
0.235
0.200
1.100
0.03351
0.00074

Soil model parameters. The parameters that were required in
the multi-yield elasto-plastic soil model are reported in this
section. These values were used for all the analyses reported in
this paper and are presented in table 1. Twenty yield surfaces
of Mohr-Coulomb type were prescribed. A small numerical
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damping was introduced in the analyses and also a Rayleigh
damping of 0.5% at f = 1 Hz and 1% at f = 2 Hz was applied,
in order to minimize spurious high frequency components of
motion near the top of the wall.

Fig. 4. Modulus reduction curve for the multi-yield model
compared to similar theoretical and experimental curves.
With these imposed parameters the obtained modulus
reduction curve is reported in Fig. 4 compared to the reduction
curve prescribed for the standard Hayashi model (Hayashi et
al., 1994), the curve obtained for sand by Seed and Idriss
(1970) and those obtained with some experimental results in
sands (Lo Presti, 1987; Giunta, 1993). The material behavior
was assumed to be nonlinear and hysteretic. Hysteresis loops
were constructed from the monotonic shear stress-strain curve,
with plays the role of the backbone or skeleton curve, by using
the Masing rules (Masing, 1926). The obtained equivalent
viscous damping curve compared to the Sedd & Idriss and
Hayashi ones is shown in Fig. 5.

area under study is excited directly by the seismic load with
time-dependent forces. The evaluation of consistent boundary
conditions prescribed around the numerical domain of interest
is based on the so-called Substructure Theorem (Kausel and
Rosset, 1976): according to this theorem, the free-field
vibration problem can be decomposed into two substructures,
the far-field and the two-dimensional irregular topographic
configuration (interaction problem). The infinite domain of the
far-field problem is truncated by substitution with dashpots.
The fictitious forces prescribed at the lateral boundaries of the
two-dimensional model of the interaction problem are the
horizontal reactions obtained in the static analysis of the
problem after the gravity initialization and the product of the
previously calculated far field one-dimensional response
(expressed in terms of the velocity time history at each node of
the one-dimensional column) and the impedance (that is the Pwave velocity at the corresponding location of the far-field
response). At the base of the model the seismic input load is
applied using transmitting boundaries elements. It should be
noted that the Substructure Theorem is based on the principle
of superposition, and it is therefore strictly applicable only to
linear problems. For nonlinear problems, the material stiffness
and damping change in relation to the instantaneous levels of
strain induced by the propagating waves, so they are
calculated at every time step of the time-domain solution.
Since the far-field one-dimensional model used for the
calculation of the lateral boundary forces does not simulate the
scattered wavefield of the two-dimensional far-field motion,
their corresponding material response is also different. If
however the far-field boundaries are placed well away from
the structure and irregular topographic configuration, a large
fraction of the diffracted wave energy is dissipated as it
propagates towards the far-field.

Equivalent viscous damping
35
30
25

1 [%]

Dynaflow
Seed & Idriss

20
15

Hayashi

10
5
0
1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

Shear strain (%)

Fig. 5. Equivalent viscous damping curve for the multi-yield
elasto-plastic model compared to similar theoretical curves.

Steps of FE analysis
The general idea is that in the numerical model, the input is
prescribed in the form of effective forcing functions at the
base and the lateral boundaries of the model, whereas spurious
reflections from the boundaries are avoided by placing
absorbing elements around the simulated domain. Thus, all the
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Fig. 6. Steps followed in the numerical procedure of analysis.
According to this general procedure, the FE analysis was
divided in three main steps (Fig. 6):

4

1. excavation in front of the wall: the right top half part of the
model was progressively removed in 5 phases, each one of 1
m depth; this analysis was carried out using both elliptical
equations and the staggered solution available in Dynaflow,
the soil-structure interface was modeled using solid elements;
2. simulation of the free field dynamic behavior using two
different columns with the same soil properties considered in
step 1 and with different heights (55 m for the left side of the
model, 50 m for the right one); the input load was applied
using transmitting boundaries and slaved nodes of both lateral
sides of the column were implemented; both Rayleigh and
numerical ( = 0.66) damping were used;
3. dynamic analysis of the wall at the end of the excavation
subjected to the earthquake at the base and with both lateral
sides loaded with the free-field results obtained in step 2: the
loading was applied at the base of the model using
transmitting boundaries; both Rayleigh and numerical ( =
0.66) damping were used; this analysis was carried out using
hyperbolic equations.

Fig. 7. Spectra of the selected combination of input
accelerograms.
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A set of seven different real earthquakes was selected using
the program REXEL v 2.2 available on internet on the website
of the Italian consortium of earthquake engineer laboratories
(ReLUIS). This program is a toolbox for computer aided codebased real record selection for seismic analysis of structures
(Iervolino et al., 2008). Rexel searches real record sets
compatible with a given target acceleration elastic response
spectrum. The selection was made according to the Italian
Building Code spectra with geographical coordinates of the
site corresponding to the town of Tarcento (in Friuli, Italy)
related to a peak ground acceleration a g  0.25g . Only the
horizontal component of the earthquake was considered and in
order to select the records from the ESD (European Strongmotion Database, Ambraseys et al., 2002) a given pair
magnitude/epicentral distance of interest must be chosen. By
disaggregation of seismic hazard the following intervals were
defined: moment magnitude M min  5.5, M max  6.5 and
epicentral distance R min  5 km, R max  20 km  . A final
specification for the search was the tolerance with which the
average spectrum of the combination have to match the target
spectrum in an arbitrary intervals of periods: in this work it
was defined as 10% in the upper (maximum overestimate) and
lower (maximum underestimate) limit in the 0.15 s, 2 s
period. A non-dimensional search was then conducted: the
records had been rendered non-dimensional by dividing the
spectral ordinates to their PGA; combinations of these spectra
were then compared to the non-dimensional code spectrum. A
maximum mean scale factor of 1.5 was imposed. The average
scaling factor of the selected combination is equal to 0.91: its
average spectrum with spectra of each single accelerogram are
shown in Fig. 7. Corresponding time histories of the seven
earthquakes belonging to the selected combination are
reported in Fig. 8. The main characteristics and parameters of
each accelerogram are reported in table 2.
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Fig. 8. Time histories of acceleration of the selected
combination of accelerograms.
These time histories of acceleration are then filtered with a
lower-band pass filter at 25 Hz and scaled at representative
PGA (0.35g and 0.25g for high and moderate seismicity) with
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baseline correction before their use as input load.
Table 2. Main characteristics and parameters of the selected
set of seven input accelerograms.
Waveform
ID

Earthquake
Name
South
Iceland (aft.)
South
Iceland

006332xa
004675xa
003802xa

SE of Tirana
Umbria
Marche (aft.)
South
Iceland (aft.)
South
Iceland (aft.)
South
Iceland

000651ya
006349xa
006335xa
004674xa

Date
21 Jun
2000
17 Jun
2000
9 Jan
1988
6 Oct
1997
21 Jun
2000
21 Jun
2000
17 Jun
2000

Mw

Epic.
Dist.
[km]

Fault
Dist.
[km]

6.4

6

3

6.5

13

10

5.9

7

6

5.5

5

-

6.4

5

3

6.4

15

15

6.5

5

4

obtained using simplified time-domain programs such EERA
(Equivalent-linear Earthquake Response Analyses, Bardet et
al., 2000) and NERA (Nonlinear Earthquake Response
Analyses, Bardet et al., 2001). As expected, the results of this
last approach are closer to the one obtained with the FEM
analysis because of the soil constitutive law, that is nonlinear
and closer to the behavior considered in the numerical
simulations. The moderate amplification of the acceleration
obtained in Dynaflow is due both to the damping introduced
(Rayleigh and numerical) and to the hysteresis of the soil.
Soil Amplification - 000651ya
0.00
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-25.00

Dynaflow

z [m]

NERA
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RESULTS FOR SINGLE RECORD

-35.00

Acceleration time history and amplification

-45.00

Figure 9 shows the obtained acceleration time histories and the
corresponding Fourier amplitude spectra at base and top nodes
of a one-dimensional column under the first earthquake of the
set (000651ya).

-55.00
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Fig. 10. Profile of the maximum acceleration compared with
some simplified results.
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Figures below show the comparisons between time histories of
horizontal acceleration recorded in the monitoring points (Fig.
2). The comparison (Fig. 11) between the acceleration
recorded at point D (free-field) and at point A (backfill soil
node next to the top wall) shows the high amplification behind
the wall: in point A the maximum acceleration (about 0.81g) is
greater than three times the free-field one (equal to 0.24g).
This amplification is mainly due to the soil-structure
interaction phenomena that is evident in the comparison of the
accelerations recorded in points A, B, C at different heights
behind the wall (Fig. 12(a) and 12(b)). The amplification is
concentrated at the top 5 m in the soil behind the wall where
there are the main effects of the soil-structure interaction.

0.50

Horizontal Acceleration Time Histories

0.00
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Fig. 9. Acceleration time histories and the corresponding
Fourier amplitude at base and top left boundary.
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0.00
[g]
-0.50
-1.00
0

These time histories are the same applied at the left free field
boundary of the interaction model and the amplification
profile of the maximum acceleration amax along this boundary
is shown in Fig. 10. This profile is also compared to the results
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Fig. 11. Comparison between recorded time histories of
acceleration in points A and D.
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importance in the design, for which it may be necessary to
make the retaining wall as strong as to absorb minimum
bending moment: a wall designed to carry only the permanent
values may suffice, provided that it is ductile enough to yield
without a significant drop in strength.

Horizontal Acceleration Time Histories
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Fig. 12. Comparison between recorded time histories of
acceleration in points A, B and C (a); profile of maximum
acceleration in points A, B and C (b).
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Bending moment
The distribution of the bending moment in the retaining wall
during the excavation is shown in Fig. 13(a). At the beginning
of the excavation the wall has a great embedment and it
behaves as a fixed earth support; when the excavation depth
increases also the bottom part of the wall reacts and the
bending moment becomes larger until the minimum value of
about -167 kN m/m at a depth of 8 m from the surface when
the excavation ends. At this time the dynamic analysis starts:
the horizontal acceleration is applied at the base of the model.
Figure 13(b) reports the results in terms of bending moments
during the dynamic analysis: the bending moment at the end of
the excavation is compared to the residual bending moment at
the end of the earthquake and the maximum and minimum
envelopes during the shaking. It can be observed that the
envelopes have a smooth shape: this comes from the fact that
the maximum and minimum values are reached approximately
at the same time (see Fig. 14: the time histories of the bending
moment in two different points are very similar). The reached
minimum bending moment is equal to -447 kN m/m (about 2.7
times the minimum static value). The location of this
minimum bending moment (about 8 m below the top surface)
is slightly lower than in the static case (due to the reduction of
the shear strength of the soil under dynamic stresses). At the
end of the earthquake the bending moment increases towards
positive values with respect to the minimum and reaches -364
kN m/m (about 2.2 times the static one): this can be related to
the permanent displacement and bending in the wall. The
value of the residual bending moment assumes great
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Fig. 13. Bending moments in the wall after excavation (a) and
envelopes during and at the end of the dynamic analysis (b).
Bending moment time histories
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Fig. 14. Time histories of the bending moment in two different
nodes of the wall during the dynamic analysis.
Displacement
One of the crucial design parameters for the seismic response
of a cantilever wall is the displacement induced by an
earthquake. At present there is no analytical calculation
available for design purposes, and numerical simulation seems
to be the obvious approach.
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Horizontal displacement time histories
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Fig. 16. Time histories of the horizontal displacement at the
top and at the bottom of the wall during the dynamic analysis.
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Fig. 17. Deformed mesh of FE simulation after 000651ya
earthquake (plotted at a magnification of 5).

Fig. 15. Horizontal displacements in the wall after excavation
(a) and envelopes during and at the end of the dynamic
analysis (b).

Stress distribution in the soil

The displacement of the cantilever wall recorded during the
excavation is reported in Fig. 15(a): during excavation the toe
of the wall is fixed and its upper portion is subjected to a rigid
rotation and a bending towards the region of the model that is
removed, as expected. The maximum reached horizontal
displacement at the top of the wall is of about 1.1 cm at the
end of the excavation. During the shaking the wall suffered an
increase of the rigid rotation and bending that is visible in the
increasing top-bottom displacement gap reported in Fig. 16
until the maximum acceleration reaches the top; then the gap
(and approximately the bending) remains stationary. The main
part of the general movement of the wall is, however, related
to a rigid translation towards the excavation (and a little
towards the soil): the wall translates between the maximum
and the minimum horizontal displacement envelopes (Fig.
15(b)). The reached maximum value of the horizontal
displacement at the top is equal to 8.8 cm; the displacement at
the end of the earthquake, instead, is of 7.7 cm. These
displacements are reasonable and demonstrate the accuracy
and reliability of the advanced material model used for the soil
behavior. The deformed mesh of the numerical simulation is
shown in Fig. 17. There is a settlement of about 9.9 cm in the
backfill and a small passive heave of about 0.7 cm in front of
the wall. The outwards movement of the wall is reflected in
the significant increase in residual bending moment.

One of the advantages of carrying out an FE numerical
analysis is that it is possible to obtain the stresses and strains
in the soil elements at any stage. In this section the stresses
and strains obtained during the static excavation and at the end
of the first earthquake 000651ya are presented. Fig. 18(a)
shows the distribution of the total horizontal stresses h that
act upon the retaining walls under static condition during the
excavation. It is important to remark that in order to model the
dynamic response of the wall successfully, it is essential to
simulate the initial static stress filed properly. Stresses start
from a K0 distribution at the initialization phase and they reach
approximately an active distribution behind the wall at the end
of the excavation: at this time, stresses in front of the wall
reach the theoretical passive resistance only beneath the
excavation and then gradually reduce to the geostatic values.
Fig. 18(b) shows the comparison between the distribution of
horizontal stresses around the wall at the end of the excavation
and at the end of the earthquake (residual state): also the
maximum envelope of horizontal stresses recorded during the
earthquake is shown. This envelope reaches the theoretical
active distribution calculated in dynamic condition using a kh
of 0.25g behind the wall, whereas in front of it stresses rise
towards the passive resistance, but they reach the analytical
dynamic value KP,dyn only until 1 m beneath the excavation
(only in this region the passive limit state is fully mobilized).
At the end of the earthquake (residual values) the stress state
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in the soil remains a little more higher than the corresponding
initial one. The increase in horizontal stress suggests that
plastic deformation had occurred in the soil, leading to a
“locked-in” horizontal stress in the soil.
Horizontal stresses
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RESULTS FOR GROUP OF RECORDS
Several analyses were conducted following the same
procedure described previously and using all the seven
earthquakes obtained in Rexel, scaled considering two
different classes of amplitude: 0.25g and 0.35g. This section
reports all the obtained results and their average values (for a
set of seven different accelerograms the EC8 allows the use of
the average of all the results in the design of the structure).
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All the analysis reported in this section were conducted with
earthquakes scaled at 0.25g. The records were also filtered
with a bandpass filter between 0.10 and 25 Hz and the baseline
correction was applied. The identification waveform number
reported in the European Strong-motion Database (ESD) is
maintained to identify each earthquake.
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Fig. 18. Horizontal stress fields around the wall after
excavation (a) and envelopes during and at the end of the
dynamic analysis (b).
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Fig. 20. Envelopes of minimum bending moments during 0.25g
earthquakes compared to static and pseudo-static values.

Fig. 19. Horizontal (a) and vertical (b) strain distribution in
the soil at the end of the earthquake.
Horizontal and vertical strain contours obtained from the
analysis at the end of the earthquake are shown in Fig. 19. The
horizontal strain contours indicate formation of active and
passive wedges near the flexible retaining wall. However, the
vertical strain contours are concentrated on the backfill side of
the wall.
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Figure 20 reports the envelopes of all the bending moments
recorded during the dynamic analysis: it is important to
remark that the envelope is very close to the instantaneous
bending moment, since approximately at the same time the
maximum and minimum values are reached for each node
along the wall. The maximum recorded value is equal to -364
kN m/m (with the 003802xa earthquake) and the minimum is
-482 kN m/m (with the 006349xa); the depth of the minimum
values is approximately 8 m for all the excitations. The
average value of the minimum envelopes is -433 kN m/m.
Comparing the minimum values with the static one (equal to
-167 kN m/m) it is possible to observe that their amplification
varies from 2.2 and 2.9, with an average value of 2.6. The
same Figure also depicts a comparison between the dynamic
envelopes and results of a pseudo-static analysis (carried out
considering the active stress state and the passive resistance
distribution described for the design of the wall). In particular
the coefficient kh was obtained from the average of all the
absolute maximum values of acceleration recorded in the FE
analysis at the left top free-field boundary, for consistency.
Two different values of kh were used: the calculated value and
its half. This was made in order to follow the procedure
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prescribed in the seismic code that introduces a reduction
coefficient r equal to 1 or 0.5 in the pseudo-static approach. As
shown in Fig. 20, most of the obtained bending moments and
the average value are close to the results calculated directly
with kh: only the 006349xa is over this value.
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Figure 22 reports the maximum and minimum horizontal
acceleration recorded in three different points behind the wall
(at the top, at the excavation depth and at the toe respectively,
see Fig. 2). The acceleration profile is similar for all the
earthquakes and the main amplification is concentrated in the
first 5 m of depth beneath the free surface: the reason of this
behavior is directly related to the soil-structure interaction that
is more evident in this region. The maximum absolute
measured values are 0.95g, for the 006335xa earthquake, and
0.81g, for the 000651ya one, that are over three times the amax
applied at the base of the model and obtained at the free field
boundary. Considering the absolute maximum acceleration
recorded at point A it varies between 0.41g and 0.95g with an
average value of 0.63g (2-3 times the applied amax). A small
distributed amplification along the entire wall length (not only
in the top 5 m) is observed for the 006349xa earthquake,
related to the maximum bending moment.

-13
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Fig. 21. Envelopes of maximum horizontal displacements in
the wall during 0.25g earthquakes compared to static values.
Considering instead the envelopes of the positive horizontal
displacements reported in Fig. 21 the deformed shape of the
wall under all the earthquakes remains similar. An important
rigid translation can be observed: in particular not only a
positive translation towards the excavation but, for some
earthquakes, also a great displacement towards the soil. The
maximum horizontal displacement at the top of the wall is
related to the 003802xa earthquake and it is equal to 29 cm,
the minimum value is -34 cm: the average dynamic top
displacement at the same point varies between -10 and +14 cm
(thirteen times the static one). Moreover the maximum
displacement of the wall corresponds to the minimum bending
moment (see Fig. 20): a little bending of the wall is replaced
by a greater rigid displacement .

As presented in the previous section, similar results with the
same accelerograms scaled at an amplitude of 0.35g are
reported in this paragraph. The greater applied energy acts
directly on the wall and an increase in bending moments and
horizontal accelerations and displacements is observed,
limited by the higher energy dissipation due to the hysteresis
loops connected to the greater deformation of the system.
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Fig. 23. Envelopes of minimum bending moments during 0.35g
earthquakes compared to static and pseudo-static values.
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Fig. 22. Maximum and minimum horizontal accelerations
recorded in points A, B and C during 0.25g earthquakes.
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Results are presented in terms of envelopes of bending
moments and horizontal displacements recorded during the
shaking and their comparison to the static value reached at the
end of the excavation (Fig. 23 and 24 respectively). Bending
moments varying between -375 kN m/m (reached under the
003802xa earthquake) and -565 kN m/m (under the 004674xa
earthquake) with an average minimum value equal to -474 kN
m/m. Considering the ratio between the dynamic minimum
bending moment and the static one for each earthquake, it
varies between 2.2 and 3.4, and the average value is equal to
2.8. A comparison with the pseudo-static results calculated
analytically with kh related to the average top free-field
acceleration demonstrates that all the dynamic results are
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smaller than this value: hence, in this case, the pseudo-static
approach, using the measured values of kh, appears to be
conservative. The maximum horizontal displacement at the top
of the wall is recorded with the second earthquake (003802xa)
and it is equal to 32 cm; the minimum one is equal to -51 cm.
The dynamic average value varies between -14 and +17 cm
(about sixteen times the static value).
Horizontal displacements
0

50

100

150

200

250

300

350

-1

000651ya (1)

-3

003802xa (2)
004674xa (3)

-5

z [m]

004675xa (4)

CONCLUSIONS
A numerical FE analysis of a flexible earth retaining cantilever
wall under different real input earthquakes was conducted in
order to investigate the behavior of the system, with soilstructure interaction, under dynamic loading. A realistic multiyield elasto-plastic soil constitutive law was implemented and
an elastic wall was considered. A crucial aspect in the creation
of the numerical model was related to the implementation of
the interface between the soil and the structure. The final
choice has been to implement it using thin solid elements
rather than the conventional interface element, in order to
avoid high frequencies rising and convergence problems of the
solution. The obtained results show the accuracy of the
adopted procedure in the numerical analyses.

006332xa (5)

-7

006335xa (6)
006349xa (7)

-9

average values
static

-11

-13

xx [m]

Fig. 24. Envelopes of maximum horizontal displacements in
the wall during 0.35g earthquakes compared to static values.
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Fig. 25. Maximum and minimum horizontal accelerations
recorded in points A, B and C during 0.35g earthquakes.
Figure 25 shows the amplification of the acceleration in terms
of the maximum values recorded at points A, B and C behind
the wall (both positive and negative). Likewise obtained
previously for earthquakes with amplitude 0.25g, the main
amplification is concentrated in the top 5 m of the wall and the
maximum acceleration reached is equal to +1.73g (seven times
the applied amplitude and about 3 times the free field one);
considering the absolute maximum acceleration recorded at
point A for all the set it varies between 0.51g and 1.73g with
an average value of 0.88g (2-3 times the applied amax).
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Many differences in the results can be related to different
properties of the applied loading: in particular each earthquake
is mainly characterized by the frequency content, the energy
applied and the time duration. Analyzing the structures
response under different dynamic input motions it is clear that
many parameters influence the structure response under
shaking and many elements have to be considered in order to
have realistic results. From the numerical analyses, however, it
is possible to fix some interesting relations between these
parameters and their variation under different excitations. In
particular great amplification and values of acceleration and
the greater maximum bending moment and horizontal
displacement are observed for earthquakes with great energy
over a small range of predominant frequencies. Moreover
under a dynamic load the increasing of the bending moment is
between 2 and 3 times the static value and the absolute
maximum values are related to a greater applied energy or to a
distributed soil-structure interaction along the entire height
without high displacements of the structure. Furthermore
bending moments are compatible to those estimated with the
simplified pseudo-static approach, that appears to be
conservative: it is reasonable in order to cover the
uncertainties related to the oversimplification. The obtained
displacements are significant and have to be compatible to the
tolerable displacement of the structures placed behind the
wall. It has to be observed that allowing for yielding in the
wall would lead to lower design values for bending moment
but larger displacements that could be not acceptable.
These results give a general behavior of a flexible cantilever
wall under seismic conditions in the analyzed cases: it is
important to remark that further analyses with different input
loading should be suggested in order to have a further
validation of these conclusions. Furthermore in order to have a
more realistic behavior both in the soil and in the structure, an
yielding in the wall should be implemented and it should be of
great interest analyze, using this numerical procedure, the
results obtained during some experimental tests on a scaled
model of a flexible retaining wall.

11

REFERENCES
Ambraseys, N., P. Smit, R. Sigbjornsson, P. Suhadolc and B.
Magaris [2002]. “Internet-Site for European strong-motion
data”, European Commission, Res.-Dir. Gen., Env. And
Climate Prog., 2002.
Bardet, J.P., K. Ichii and C.H. Lin [2000]. “A computer
program for equivalent-linear earthquake site response
analyses of layered soil deposits (EERA)”, Dep. Civ. Engrg.,
University of Southern California., 2000.
Bardet, J.P. and T. Tobita [2001]. “A computer program for
nonlinear earthquake site response analyses of layered soil
deposits (NERA)”, Dep. Civ. Engrg., University of Southern
California., 2001.
Comina C., M. Corigliano, S. Foti, G.C. Lai, R. Lancellotta, F.
Leuzzi, N.G. Li Destri, R. Paolucci, A. Pettiti, P.N.
Passaropoulos and O. Zanoli [2008]. “Parametric study of
cantilever walls subjected to seismic loading”, MERCEA
2008, July 08th-11th, Reggio Calabria and Messina, Italy.
Comina C., S. Foti, R. Lancellotta, F. Lezzi and A. Pettiti
[2007]. “On the seismic design of diaphragm walls according
to EC8-5”, XIV European Conf. on Soil mech. And Geotech.
Engrg., Sept. 24th-27th, Madrid, Spain.
Dewoolkar, M.M., H.Y. Ko and R.Y.S. Pak [2001]. “Seismic
behavior of cantilever retaining walls with liquefiable
backfills”, J. Geotech. Geoenv. Engrg., ASCE, Vol., CXXVII,
No. 5, pp. 424-435.
EN 1998-5 [2003] Eurocode 8: Design of structures for
earthquake resistance – Part. 5: Foundations, retaining
structures and geotechnical aspects, CEN European Comm.
For Stand., Bruxelles, Belgium, Dec.
Giunta, G. [1993]. “Comportamento dei terreni sabbiosi a
bassi livelli di deformazione”, Ph.D. Thesis, Dep. Struct. and
Geotech. Engrg., Politecnico di Torino, Torino, Italy.
Hayashi, H., M. Honda, T. Yamada and F. Tatsuoka [1994].
“Modeling of nonlinear stress strain relations of sands for
dynamic response analysis”, Proc. 10th WCEE, Madrid, Spain,
Vol. XI, pp. 6819-6825.
Iervolino, I., C. Galasso and E. Cosenza [2008]. “Selezione
assistita di input sismico e nuove Norme Tecniche per le
Costruzioni”, Atti del Convegno “Valutazione e riduzione
della vulnerabilità sismics di edifici esistenti in c.a., Roma,
Italy, May 29th-30th.
Lancellotta, R. [2007]. “Lowe-bound approach foe seismic
passive earth resistance”, Géotech., Vol., LVII, No. 3, pp. 319321.

Paper No. 6.27a

Lo Presti, C.D.F. [1987]. “Comportamento meccanico della
sabbia del Ticino in colonna risonante”, Ph.D. Thesis, Dep.
Struct. and Geotech. Engrg., Politecnico di Torino, Torino,
Italy.
Madabhushi, S.P. and X. Zeng [2006]. “Seismic response of
flexible cantilever walls with dry backfill”, Geomech. and
Geoeng.: An Intern. J., Vol., I, No. 4, pp. 275-289.
Masing, G. [1926]. “Eigenspannungen und Verfertigung beim
Messing”, Proc. 2nd Inter. Congress on Appl. Mech., Zurich,
Switzerland.
Mononobe, N. and H. Matsuo [1929]. “On the determination
of earth pressures during earthquakes”, Proc. World Engrn
Conf., Tokyo, Japan, Vol. IX, No. 388, pp. 177-185.
Okabe, S. [1926]. “General theory of earth pressures”, J.
Japanese Soc. Civ. Engrg, Vol. XII, No. 1, Tokyo, Japan.
Pettiti, A. [2009]. “Numerical analyses of flexible cantilever
walls subjected to strong seismic ground motion”, Ph.D.
Thesis, Dep. Struct. and Geotech. Engrg., Politecnico di
Torino, Torino, Italy.
Prévost, J.H. [1983]. “DynaflowTM Version 02 Release 08.A –
User’s Manual”, Princeton University.
Prévost, J.H. [1977]. “Mathematical modeling of monotonic
and cyclic undrained clay behaviour”, Int. J. Num. Meth.
Geom., Vol. I, No. 2, pp. 195-216.
Prévost, J.H. [1978]. “Plasticity theory for soil stress-strain
behavior”, J. Eng. Mech. Div., ASCE, Vol. CIV, No. EM5, pp.
1177-1194.
Prévost, J.H. [1985]. “A simple plasticity theory for frictional
cohesionless soils”, Int. J. Soil Dyn. Earth. Eng., Vol. IV, No.
1, pp. 9-17.
Richart, F.E., J.R. Hall and R.D. Woods [1970]. “Vibrations
of soils and foundations”, Prentice Hall, Englewood Cliffs,
New Jersey.
Rosset, J.M. and E. Kausel [1976]. “Dynamic soil-structure
interaction”, Proc. 2nd Inter. Conf. on Num. Methods In
Geomech., Blacksburg, Virginia, Vol. II, pp. 3-19.
Seed, H.B. and I.M. Idriss [1970]. “Soil moduli and damping
factors for dynamic response analyses”, Report EERC 70-10,
Earth. Engnrg Research Center, Un. Of California, Berkeley.
Steedman, R.S., and X. Zeng [1990]. “The influence of phase
on the calculation of pseudo-static earth pressure on a
retaining wall”, Géotec., Vol., XL, No. 1, pp. 103-112.

12

Steedman, R.S., and X. Zeng [1991]. “Centrifuge modelling
the effects of earthquakes on free cantilever wall”, Proc.
Intern. Conf.: Centrifuge 1991, Boulder., CO, pp. 425-430.
Steedman, R.S., and X. Zeng [1993]. “On the behaviour of
quay walls in earthquakes”, Géotec., Vol., XLIII, No. 3, pp.
417-431.

Paper No. 6.27a

13

